econdary sterilisation of allograft bone by gamma irradiation is common, but the conditions under which it is performed vary between tissue banks. Some do so at room temperature, others while the bone is frozen. Bone is made brittle by irradiation because of the destruction of collagen alpha chains, probably mediated by free radicals generated from water molecules. Freezing reduces the mobility of water molecules and may therefore decrease the production of free radicals. We found that bone irradiated at -78°C was less brittle and had less collagen damage than when irradiated at room temperature. These findings may have implications for bone-banking. Secondary sterilisation of bone allograft by gamma irradiation is well established. The mechanical properties of irradiated cortical bone are affected by the destruction of collagen.
Secondary sterilisation of bone allograft by gamma irradiation is well established. The mechanical properties of irradiated cortical bone are affected by the destruction of collagen.
1,2 Radiation produces reactive free radicals by the radiolysis of water. These cleave peptide bonds and thereby damage the collagen. 3 The degree of denaturation of collagen would be less if conditions were altered to reduce the production of such reactive free radicals which would decrease the biomechanical effects. The indirect effects of irradiation can be reduced by the addition of scavengers of free radicals, by freeze-drying or by freezing. 4 The conditions for irradiation vary between different tissue banks. Some operate at room temperature while others use low temperatures. 5 We have compared the biomechanical properties and the degree of collagen denaturation in bone irradiated while frozen and at room temperature.
Materials and Methods
We prepared 30 standard bone ring samples from the midshaft of the femur of three donors (male 29 years, female 42 years, male 55 years) using the technique previously described. 1 All were sealed in polyethylene envelopes to prevent drying. Half were packed in dry ice (-78°C) in an expanded polystyrene box and half were placed in a similar container at room temperature (RT). Both boxes were gamma irradiated simultaneously with a dose of 30.2 kGy in a commercial irradiation plant (Swann-Morton, Sheffield, UK). The frozen specimens were allowed to thaw and then all were assessed biomechanically using a threepoint bending test on an Instron 1026 machine (Instron Ltd, High Wycombe, UK). 6 Four mechanical parameters were measured as follows: 1) the gradient of the elastic region or W/⌬ (W = load (N), ⌬ = deflection (mm)); 2) the load at the limit of proportionality (elastic limit) or W prop (N); 3) the maximum load sustained or W max (N); and 4) the work done to point of maximum load or Work to W max (Nmm). After mechanical testing, the specimens were ground to powder and analysed for the degree of damage to the collagen alpha chain using a technique described previously. 2 The powdered bone was first decalcified at 4°C in EDTA, and then bovine trypsin was added to the decalcified bone powder to digest any denatured areas within the type-I collagen fibrils. The digest supernatant and the remaining pellet were assayed for the concentration of hydroxyproline after acid hydrolysis. The ratios of the hydroxyproline concentration in the supernatant and the pellet for the irradiated samples and the control samples were then compared to give the degree of denaturation in each group. Statistical analysis used multiple analysis of variance with treatment and donor as factors.
Results
Once variations between donors were accounted for, there was no significant difference in the gradient of the elastic region or W prop between the two treatment groups. W max and Work to W max were significantly less in the samples which had been irradiated at room temperature compared with those irradiated while deep frozen (p < 0.01). W max at RT was 84% of the value at -78°C, and Work to W max at RT was 65% of the value at -78°C. The bone was therefore less brittle when irradiated while frozen. These differences are illustrated in Figures 1 and 2 .
As regards collagen denaturation there was no significant difference between the donors, but the degree was less in the bone irradiated while frozen; 57% of the collagen was denatured when irradiated at RT compared with 41% when irradiated while frozen (p < 0.0001) (Fig. 3 ).
Discussion
Irradiation of cortical bone while deep frozen appears to give partial protection against embrittlement in comparison with irradiation at room temperature. This is borne out both biomechanically and biochemically with a reduction in collagen denaturation in the bone irradiated while frozen. Previous studies have shown that irradiation has a dose-dependent effect on the plastic properties of bone and on the degree of collagen denaturation. 1, 2 It is possible that the effect of highly-reactive oxygen free radicals, produced by irradiation from the radiolysis of water, is decreased by irradiating when frozen. The sterilising effect of the radiation which the bone is receiving is probably correspondingly lower. It has been shown in rats that low temperatures during irradiation protect the osteo-inductive properties of allograft bone compared with irradiation at room temperature, probably by a reduction in matrix damage. 7 A similar effect has been observed in gamma irradiation of plasma. 4 At a dose of 25 kGy, while frozen at -80°C, less damage to the biological activity of coagulation factors was seen compared with that of samples irradiated at 15°C. It was also observed that the degree of inactivation of HIV in culture by gamma irradiation was also temperature-dependent. Irradiation with 25 kGy at -80°C resulted in a reduction in 3.1 logs in virus titre, whereas irradiation with the same dose at 15°C produced a reduction greater than 5.3 logs. In our study, a reduction in the 'effective' dose of irradiation, reflected by less denaturation of collagen in the frozen samples, may mean that an inadequate dose of irradiation is being delivered to ensure complete inactivation of HIV.
The effect of gamma irradiation on the inactivation of HIV in bone has only recently been addressed by Fideler et al 8 who showed that at least 30 kGy of irradiation were necessary for the destruction of the viral genome in bonepatellar tendon-bone grafts, but it must be noted that the irradiation was performed with the grafts in dry ice at -70°C. A recent study using an in vitro model, again with the samples at -70°C, showed that at least 25 kGy were required for complete viral inactivation. 9 From our data, a dose of 25 kGy at -70°C is equivalent to a lower dose of irradiation at room temperature. It may therefore be possible to irradiate bone with a lower dose of gamma irradiation at room temperature to achieve equivalent viral destruction. The absolute dose of irradiation for inactiva- tion of HIV at room temperature is not yet known, but its efficacy in eliminating viral particles probably parallels the destructive effect on bone collagen.
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